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Abstract: We report on the fastest silicon waveguide integrated photodetectors with a bandwidth 
larger than 128 GHz for ultrafast optical communication. The photodetectors are based on CVD 
graphene that is compatible to wafer scale production methods. 
OCIS codes: 040.0040, 230.5160, 250.5300, 250.0040, 250.3140, 060.4510, 060.5625 
 
1.  Introduction 
In the recent past graphene was established as photonic material that allows realizing a variety of novel optic and 
electro optic functionalities and device architectures [1]. The key features of graphene that distinguish it from other 
semiconductor materials are the integrability on almost any substrate and the extraordinary linear band structure that 
leads to a flat absorption characteristic from the UV to the far infrared and moreover enables ultrafast carrier 
dynamics. Upon optical excitation, charge carriers thermalize within 50 fs which leads to an intrinsic bandwidth in 
the THz range [2]. The fastest measured extrinsic bandwidths so far for silicon waveguide integrated graphene 
devices are 40 GHz [3,4], 65 GHz [5] and 76 GHz [6]. These bandwidths already reveal the potential of graphene 
for ultrafast optical communication, however, they remain behind the bandwidth of 120 GHz of the best silicon 
waveguide integrated germanium photodetectors [7]. Here we report on graphene photodetectors that have a 
bandwidth larger than 128 GHz suitable beyond 180 Gb/s of optical data transmission rate in the most simple on-
off-keying scheme.     
 
2. Experiment  
 
The silicon photonic structures designed for 1550 nm wavelength were fabricated on 150 mm silicon-on-insulator 
wafers. Waveguide integrated photodetectors were subsequently fabricated form large scale chemical vapor 
deposited graphene. A microscopic top view of a device is shown in figure 1a. The graphene layer is located in the 
evanescent field of the waveguide and thereby absorbing the light. Figure 1b shows the characterization of the 
photonic layer without graphene photodetectors. The loss of the grating couplers is 3.5 dB and the total optical loss 
of the grating couplers and the waveguide to the photodetector is 3.7 dB on average, see histogram in the inset of 
figure 1b for a typical distribution one die. The 0.3 dB spread of the histogram is mainly given by the fiber-to-chip 
alignment tolerances, rather than by the variation of the photonic structures.  
 
 
Figure 1 a) Microscopic picture of a graphene photodetector on a silicon waveguide. The scale bar is 50 µm. b) Optical TLM measurements to 
extract the losses of the grating couplers (3.5 dB) and the waveguides (0.7 dB/cm). The inset shows a histogram with optical losses for the grating 
coupler and the waveguide to the photodetector measured on one die. c) Typical Raman spectrum of graphene from the same batch. 
 
Raman measurements were performed on reference samples from the same batch to determine the quality of the 
monolayer graphene. Figure 1c shows a typical Raman spectrum with the G peak at 1591 cm
-1
, the 2D peak FWHM 
of 29.2 cm
-1
 and a negligible D peak. The charge carrier mobility was approximately 2000 cm²/Vs measured in a 
separate experiment on graphene from the same batch. The responsivity of the graphene photodetectors was 
measured using a modulated light source (60 kHz) at 1550 nm and a lock-in amplifier that is connected directly to 
the photodetectors. For the RF measurements a heterodyne setup described in [5] was used. All measurements were 
performed at room temperature under ambient conditions. 
 
3. Results and discussion 
 
The designed resistance of the graphene photodetectors is matched to the 50 Ohm measurement environment and 
varied in the as-fabricated devices from 49 to 117 Ohm. Figure 2a shows the photo voltage for a typical device at 
0.5V bias as a function of the optical power available at the photodetector after subtracting the photonic losses. The 
photo voltage follows a square root like shape which has been described before by Shiue et al [4]. The signal 
amplitude is 4.27 mVpp for an input power of 0.28 mWpp at a bias of 0.5 V, the corresponding voltage responsivity is 
15 V/W. The maximum current responsivity we reach is 0.18 A/W at 0.5V bias. The average responsivity at a bias 
of 0.25 V for 10 measured devices is 32 mA/W, see inset in figure 2a. The DC response is the highest so far reported 
for graphene photodetectors fabricated using wafer scale material. In comparison to our earlier results on wafer scale 
fabricated devices the responsivity was increased by two orders of magnitude [6]. 
 
In the next step we determined the RF response of the photodetectors at 1 GHz optical input signal with a power of 
19.6 dBm. The maximum RF output power of -25 dBm was observed at a bias voltage of 2 V for a device with a 
resistance of 116 Ω. This RF output power is the highest reported for graphene devices [3-6]. Up to now, the highest 
output power was -32 dBm which was however obtained by non-scalable graphene-flake based photodetectors [5].   
 
The frequency dependence of the output power was measured by tuning the beating frequency of the heterodyne 
system between 1 GHz and 128 GHz. A typical characteristic is shown in the plotted frequency range from 1 to 128 
GHz in figure 2b for a bias voltage of 1 V. The measured signal was calibrated by subtracting the frequency 
characteristic of the cable, bias-tee and power meter. The scattering parameters of these RF components and the 
calibration factor of the power meter were measured separately up to 110 GHz. Above 110 GHz, we used the 
calibration factor measured at 110 GHz to correct the measurement data up to 128 GHz for the minimum losses that 
can be expected in this 18 GHz frequency range. 
For correction of the GS wafer prober we used S21 data available up to 67 GHz. This part of the characteristic is 
shown in blue in figure 2b. Above 67 GHz, calibration substrates are not available for GS probe tips. The loss of the 
probe tip is approximately 1.6 dB at 67 GHz, which has been subtracted as lower bound of the tip loss between 68 
and 128 GHz (grey in figure 2b).The dips and peaks in the grey part of the frequency response are due to resonances 
in the power meter and the RF connectors and slight frequency uncertainties related to the heterodyne signal 
generation. We note that the average output power does not drop below -3 dB up to the end of our measurement 
range of 128 GHz. 
 
 
Figure 2 a) Power dependence of the photo voltage measured at a bias of 0.5 V. The optical power is corrected for the losses due to the grating 
coupler and waveguide. b) Frequency response of a typical photodetector measured at 1 V bias. The bandwidth is larger than the measurement 
range of 128 GHz. The frequency axis is plotted up to 200 GHz. 
The bandwidth of the photodetectors is larger than 128 GHz, the highest value so far for graphene photodetectors. 
Moreover, the fastest germanium photodetector that is integrated on a silicon waveguide has a 3 dB bandwidth of 
120 GHz [7]. The characteristic shown in figure 2b has not yet started to roll off at 128 GHz, indicating that the 
bandwidth is significantly larger than 120 GHz. Note, that the frequency axis is plotted up to 200 GHz. Hence we 
present here the fastest integrated photodetector available today for integrated silicon photonic RF systems. The 
bandwidth larger than 128 GHz is sufficient for data transmission faster than 180 Gb/s in the most simple on-off-
keying scheme.  
 
4. Summary  
We report on the fastest silicon waveguide integrated photodetectors with a bandwidth larger than 128 GHz for 
ultrafast optical communication. The photodetectors are based on CVD graphene that is compatible to wafer scale 
production methods. 
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